NPS-CE-1 1-204 


ACQUISITION  RESEARCH 
SPONSORED  REPORT  SERIES 


Theory  and  Feasibility  of  Implementing  Economic 
Input/Output  Analysis  of  the  Department  of  Defense  to 
Support  Acquisition  Decision  Analysis  and  Cost  Estimation 

28  November  2011 
by 

Dr.  Eva  Regnier,  Associate  Professor,  and 
Dr.  Daniel  A.  Nussbaum,  Visiting  Professor 

Graduate  School  of  Operational  &  Information  Sciences 

Naval  Postgraduate  School 


Approved  for  public  release,  distribution  is  unlimited. 
Prepared  for:  Naval  Postgraduate  School,  Monterey,  California  93943 


ACQUISITION  RESEARCH  PROGRAM 

GRADUATE  SCHOOL  OF  BUSINESS  &  PUBLIC  POLICY 

NAVAL  POSTGRADUATE  SCHOOL 


Form  Approved 
OMB  No.  0704-0188 


Report  Documentation  Page 


Public  reporting  burden  for  the  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information, 
including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington 
VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  a  penalty  for  failing  to  comply  with  a  collection  of  information  if  it 
does  not  display  a  currently  valid  OMB  control  number. 


1.  REPORT  DATE 

28  NOV  2011 

2.  REPORT  TYPE 

3.  DATES  COVERED 

00-00-2011  to  00-00-2011 

4.  TITLE  AND  SUBTITLE 

Theory  and  Feasibility  of  Implementing  Economic  Input/Output  Analysis 
of  the  Department  of  Defense  to  Support  Acquisition  Decision  Analysis 
and  Cost  Estimation 

5a.  CONTRACT  NUMBER 

5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT  NUMBER 

6.  AUTHOR(S) 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS (ES) 

Naval  Postgraduate  School, Graduate  School  of  Business  &  Public 

Policy ,555  Dyer  Road, Monterey, CA, 93943 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS  (ES) 

10.  SPONSOR/MONITOR’S  ACRONYM(S) 

11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 


12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited 

13.  SUPPLEMENTARY  NOTES 

14.  ABSTRACT 

In  this  project,  Economic  Input/Output  analysis  was  used  as  the  inspiration  for  a  new  approach  to 
accounting  for  the  supply-chain  burden  in  estimating  the  fully  burdened  cost  of  fuel  in  the  U.S. 

Department  of  Defense.  A  general  model  for  the  fully  burdened  cost  of  fuel  was  developed  to  demonstrate 
the  multiplier  effect  by  which  the  total  amount  of  fuel  required  to  supply  a  single  gallon  to  the  warfighter  is 
greater  than  one  gallon,  due  to  fuel  consumption  in  the  supply  chain.  Using  data  on  costs  for  the  Defense 
Logistics  Agency?Energy?s  bulk  fuels  supply  chain,  a  spreadsheet  model  was  constructed  and  used  to 
estimate  the  delivery  costs  for  fuel  to  all  consumption  points  in  that  supply  chain.  They  ranged  from  less 
than  a  penny  to  over  70?/gal.  Using  information  provided  on  the  U.S.  Marine  Corps?  supply  chain  in 
Afghanistan,  a  model  for  fuel  consumption  at  each  location  and  in  both  transportation  and  force  protection 
was  constructed  to  estimate  the  fuel  multipliers  for  each  location.  Several  excursions  from  the  baseline 
scenario  illustrated  the  effect  of  potential  changes  in  the  supply  chain.  This  work  demonstrated  the 
applicability  of  an  Input/Output-based  approach  to  estimating  the  supply-chain  burden  of  fuel  and  other 
supplies  in  the  Department  of  Defense,  and  highlighted  data  challenges  in  populating  such  a  model. 


15.  SUBJECT  TERMS 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 
ABSTRACT 

18.  NUMBER 
OF  PAGES 

19a.  NAME  OF 
RESPONSIBLE  PERSON 

a.  REPORT 

unclassified 

b.  ABSTRACT 

unclassified 

c.  THIS  PAGE 

unclassified 

Same  as 
Report  (SAR) 

37 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std  Z39-18 


The  research  presented  in  this  report  was  supported  by  the  Acquisition  Chair  of  the 
Graduate  School  of  Business  &  Public  Policy  at  the  Naval  Postgraduate  School. 


To  request  Defense  Acquisition  Research  or  to  become  a  research  sponsor, 
please  contact: 

NPS  Acquisition  Research  Program 
Attn:  James  B.  Greene,  RADM,  USN,  (Ret.) 

Acquisition  Chair 

Graduate  School  of  Business  and  Public  Policy 

Naval  Postgraduate  School 

555  Dyer  Road,  Room  332 

Monterey,  CA  93943-5103 

Tel:  (831)656-2092 

Fax:  (831)656-2253 

E-mail:  ibqreene@nps.edu 

Copies  of  the  Acquisition  Sponsored  Research  Reports  may  be  printed  from  our 
website  www.acquisitionresearch.net 


ACQUISITION  RESEARCH  PROGRAM 

GRADUATE  SCHOOL  OF  BUSINESS  &  PUBLIC  POLICY 

NAVAL  POSTGRADUATE  SCHOOL 


Abstract 


In  this  project,  Economic  Input/Output  analysis  was  used  as  the  inspiration  for 
a  new  approach  to  accounting  for  the  supply-chain  burden  in  estimating  the  fully 
burdened  cost  of  fuel  in  the  U.S.  Department  of  Defense.  A  general  model  for  the 
fully  burdened  cost  of  fuel  was  developed  to  demonstrate  the  multiplier  effect  by 
which  the  total  amount  of  fuel  required  to  supply  a  single  gallon  to  the  warfighter  is 
greater  than  one  gallon,  due  to  fuel  consumption  in  the  supply  chain.  Using  data  on 
costs  for  the  Defense  Logistics  Agency-Energy’s  bulk  fuels  supply  chain,  a 
spreadsheet  model  was  constructed  and  used  to  estimate  the  delivery  costs  for  fuel 
to  all  consumption  points  in  that  supply  chain.  They  ranged  from  less  than  a  penny 
to  over  700/gal.  Using  information  provided  on  the  U.S.  Marine  Corps’  supply  chain 
in  Afghanistan,  a  model  for  fuel  consumption  at  each  location  and  in  both 
transportation  and  force  protection  was  constructed  to  estimate  the  fuel  multipliers 
for  each  location.  Several  excursions  from  the  baseline  scenario  illustrated  the  effect 
of  potential  changes  in  the  supply  chain.  This  work  demonstrated  the  applicability  of 
an  Input/Output-based  approach  to  estimating  the  supply-chain  burden  of  fuel  and 
other  supplies  in  the  Department  of  Defense,  and  highlighted  data  challenges  in 
populating  such  a  model. 

Keywords:  Economic  Input/Output  analysis,  supply  chain  burden,  cost  of  fuel 
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Introduction 


The  Defense  Logistics  Agency  Energy  (DLAE)  provided  132,000  barrels  of 
petroleum  products  to  the  Services  in  2010,  for  a  total  cost  of  about  $13  billion 
(DLAE,  2010).  Reducing  this  fuel  demand  would  save  the  cost  of  fuel,  reduce 
the  size  and  cost  of  the  logistics  tail,  including  force  protection,  and  increase  the 
capability  of  the  fighting  force. 

The  Army  Environmental  Policy  Institute  (AEPI)  estimates  that  there  were 
over  3,000  resupply  convoy  casualties,  mostly  attributable  to  fuel  and  water 
supply,  during  the  five-year  period  from  2003-2007  in  Iraq  and  Afghanistan 
(AEPI,  2009).  Every  gallon  of  fuel  consumed  not  only  incurs  dollar  costs  but  also 
puts  convoy  personnel  at  risk. 

To  more  accurately  incorporate  the  system-wide  effects  of  fuel 
consumption,  both  federal  statue  (Duncan  Hunter  National  Defense  Authorization 
Act  of  Fiscal  Year  2009,  2008)  and  Department  of  Defense  (DoD)  policy  (Office 
of  the  Under  Secretary  of  Defense  for  Acquisition,  Technology,  and  Logistics 
[OUSD(AT&L)],  2007)  now  call  for  the  use  of  fully  burdened  cost  of  fuel  (FBCF) 
in  acquisition  decisions.  The  FBCF  may  be  defined  as  “the  cost  of  the  fuel  itself 
(typically  the  [DLAE]  standard  price)  plus  the  apportioned  cost  of  all  of  the  fuel 
delivery  logistics  and  related  force  protection  required  beyond  the  [DLAE]  point  of 
sale  to  ensure  refueling  of  this  system”  (Defense  Acquisition  University,  2009). 

One  of  the  challenges  in  estimating  the  FBCF  as  applicable  to  acquisition 
decisions  is  capturing  the  multiplier  effect.  A  reduction  (increase)  in  the  fuel 
requirement  in  one  part  of  the  organization  has  a  cascading  effect  as  it  reduces 
(increases)  demands  on  supporting  organizations,  multiplying  the  effect  of  a 
change  in  usage  along  the  supply  chain.  In  a  multistage  supply  chain,  a  naive 
approach  to  attributing  logistics  costs  will  neglect  the  multiplier  effect  and 
therefore  underestimate  the  FBCF. 
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The  burden  of  delivering  fuel  is  different  for  different  end-using  locations 
and  the  appropriate  allocation  of  costs  for  different  transportation  modes  and 
different  paths  through  the  supply  chain  to  a  given  end-using  location  is  not 
obvious.  These  issues  pose  further  challenges  in  estimating  the  FBCF. 

Economic  Input/Output  (10)  analysis  uses  a  set  of  coefficients  that 
represent  the  amount  of  output  of  a  given  component  required  per  unit  of  output 
of  another  component.  These  coefficients,  together  with  the  output  quantities  of 
each  component,  and  the  assumption  of  a  mass  balance  (the  outputs  of  each 
component  must  satisfy  the  input  requirements  of  all  others)  are  a  fully 
determined  system  of  equations.  These  may  be  used  to  explore  the  effect  of 
changes  in  any  single  part  of  the  system,  for  example,  a  reduction  in  the  fuel 
requirement  in  one  component. 

First  conceived,  and  most  often  applied,  as  a  method  to  analyze  national 
economies  (Leontief,  1986;  Dietzenbacher  &  Lahr,  2004)  using  industries  and 
sub-industries  as  the  units  of  analysis  (components),  10  is  simple  but  powerful 
tool.  The  research  literature  is  rich  with  applications  to  Life  Cycle  Assessment 
(LCA),  which  is  the  estimation  of  the  environmental  impacts  of  consumption  of 
products  and  services,  traced  back  through  a  complex  supply  chain 
(Hendrickson,  Lave,  &  Matthews,  2006),  and  is  the  closest  analog  to  this  work. 

In  the  present  work,  the  boundary  of  the  system  is  drawn  more  narrowly 
than  in  typical  LCA  analyses.  We  have  considered  only  costs  to  the  DoD  and/or 
fuel  consumed  within  the  DoD.  The  consumption  of  fuel  within  the  DoD  does 
imply  impacts,  including  fuel  consumption,  elsewhere  (most  immediately  by 
contractors  that  provide  either  fuel  or  transportation  services),  which  are  not 
captured  in  the  two  DoD  models  developed  in  this  research. 

We  formulated  a  simple  supply  chain  model  using  an  10  approach  and 
address  its  potential  applications  in  the  DoD  as  well  as  the  challenges  and 
limitations  of  DoD  applications.  We  supervised  two  thesis  projects  that  used  the 
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10  approach  to  model  portions  of  the  DoD  fuel  supply  chain.  Dubbs  (201 1 ) 
modeled  a  portion  of  the  U.S.  Marine  Corps  (USMC)  supply  chain  in  Afghanistan, 
estimating  the  total  amount  of  fuel  required  at  Camp  Leatherneck  per  gallon 
consumed  in  warfighting  at  each  component  (location)  in  the  chain.  Dubbs  also 
explored  excursions  from  the  baseline  scenario,  demonstrating  the  value  of  his 
model  in  estimating  the  effect  of  changes  in  the  supply  chain.  Hills  (201 1 )  used 
data  provided  by  the  DLAE  to  build  a  model  of  the  DLAE  bulk  fuels  supply  chain 
and  estimate  the  201 1  delivery  costs  for  each  delivery  point  in  the  chain,  which 
ranged  from  less  than  10/gal  to  more  than  700/gal. 
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Results 


This  report  documents  the  work  performed  under  this  award,  in 
particular  the  formulation  of  a  general  10  model  for  DoD  fuel  supply  chains 
and  the  notional  demonstration  of  its  application,  followed  by  a  summary  of 
the  DLAE  bulk  fuels  supply  chain  model  and  the  USMC  Afghanistan  supply 
chain  model. 

During  the  course  of  this  project,  Eva  Regnier  visited  DLAE  on  May  31, 
2011,  to  meet  with  Linda  Barnett,  Chief,  Inventory  &  Distribution  Management 
at  DLAE.  On  June  3,  2011,  Eva  Regnier  visited  Col  Bob  (Brutus)  Charette, 
Director  of  the  USMC  Expeditionary  Energy  Office  and  his  deputy,  Gayle  von 
Eckartsberg. 

A.  Modeling  a  Supply  Chain  with  Input/Output  Analysis 

An  10  model  consists  of  defined  components  (in  national  accounts,  the 
components  are  industries)  that  represent  the  unit  of  analysis,  plus  a  matrix  of 
coefficients  (sometimes  called  technical  coefficients).  For  each  pair  of 
components  (/,  /),  the  coefficient  atj  is  the  amount  of  output  of  component  i 

required  as  an  input  to  component  j ,  per  unit  of  output  from  component  j . 
These  coefficients,  together  with  an  output  quantity  x .  from  each  component 
j ,  satisfy  a  set  of  linear  equations  that  enforce  mass  balance  for  each 
component — its  output  must  be  exactly  enough  to  satisfy  the  input 
requirements  of  the  other  components.  Figure  1  shows  a  notional  example  of 
the  coefficient  matrix  and  output  quantities,  developed  by  LT  John  Hills  and 
LCDR  Sean  Dubbs. 


An  10  model  can  be  used  to  account  for  the  multiplier  effect,  as 
illustrated  in  Figure  2.  A  naive  analysis  would  estimate  the  total  fuel  required 
in  this  system  at  1 ,560  gal  (the  1 ,000  required  by  the  warfighting  component, 
plus  15%  for  Stage  1 ,  30%  for  Stage  2,  and  20%  for  Stage  3),  which  would 
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understate  the  total  requirement  by  234  gallons.  This  is  described  in  more 
detail  and  related  to  cost  in  Regnier  and  Nussbaum  (2011). 

Regnier  and  Nussbaum  (201 1 )  also  modeled  a  linear  supply  chain  and 
a  more  complex  supply  chain  using  an  10  approach  and  demonstrated  the 
calculation  of  the  multiplier — that  is,  the  total  requirement  of  fuel  entering  the 
supply  chain  from  outside  required  per  unit  consumed  by  a  consuming 
(warfighting)  component.  This  portion  of  Regnier  and  Nussbaum  (2011)  is 
reproduced  in  Section  B. 
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Figure  1.  Notional  Input/Output  Coefficient  Table  for  the  DoD 

Note.  This  figure  shows  supply  components  (in  green),  consuming  components  (in  yellow), 
and  force  protection  (in  blue).  Output  for  each  component,  required  to  satisfy  mass  balance, 
is  shown  in  the  row  below  the  coefficient  matrix. 
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Warfighter 
1000  gai 


Stage  2 

Stage  3 

1560  gal 

1200  gal 

234  gal 

=  0.15x1560  gai 
=  0.15x1000  gai 

+  0.15x0.2x1000  gai 
+  0.15x0.3x1000  gai 
+  0.15x0.3x0.2x1000  gal 


360  gai 

=  0.3x1200  gai 
=  0.3x1000  gai 

+  0.3x0.2x1000  gal 


200  gai 

=  0.2x1000  gal 


Figure  2.  Illustration  of  the  Multiplier  Effect  in  a  Linear  Supply  Chain 

(Regnier&  Nussbaum,  2011,  p.  56) 


B.  Excerpt  from  Regnier  &  Nussbaum  (2011) 

Modeling  a  system  using  EIO  requires  first,  defining  the  components, 
or  unit  of  analysis,  which  determines  the  level  of  data  that  will  be  required  to 
populate  the  model.  Second,  the  model  requires  a  populated  matrix  of  the 
type  shown  in  Table  1.  An  EIO  model  is  a  static  snapshot,  representing  the 
flows  of  resources  among  components  of  the  modeled  system.  For  national 
accounts,  the  snapshot  is  usually  an  annual  total.  For  the  DoD,  an  annual 
average  or  total  representation  of  the  supply  chain  would  likely  be  used,  and 
results  would  reflect  averages  over  the  period.  This  section  formalizes  the 
model. 


Linear  Supply  Chain 

Components  are  indexed  i  =  1 where  n  is  the  warfighter 
component,  and  1,...,  n- 1  are  links  in  the  supply  chain  transporting  fuel  to 
component  n .  Think  of  component  i  =  1  as  DESC  (DLAE),  and  each 
component  i  <  n  directly  supplies  only  component  i+ 1 .  Each  supply 
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component  has  precisely  one  output:  delivered  fuel.  The  amount  of  fuel 
delivered  by  each  component  is  denoted  x; . 


Using  the  convention  of  EIO  analysis,  let  a  =  the  number  of  units  of 

output  from  component  i  required  to  produce  each  unit  of  output  from 
component  j .  Often,  both  a  and  x(.  are  normalized  in  terms  of  dollars.  We 

will  instead  assume  a.,  and  x,  are  in  units  of  fuel,  with  all  fuel  treated 

lJ  1 

identically.  The  exception  is  xn ,  the  output  of  the  warfighter  component,  which 
might  be  steaming  hours,  patrols  performed,  or  other  output  measure. 

We  will  also  introduce  an  external  component,  indexed  X ,  which 
represents  any  supplier  outside  the  organization.  In  our  example,  this 
captures  purchases  of  fuel  from  the  private  sector.  In  classical  EIO,  the  entire 
economy  is  modeled.  In  some  cases,  such  as  national  accounting,  imports 
are  purchases  external  to  the  organization. 

n 

The  total  fuel  requirement  for  the  organization  is  ^x  .a^  .  The  input- 

7=1 

coefficient  matrix  is  shown  in  Table  1. 


Table  1.  General  Input-Coefficient  Matrix 


destination 

component 

i 

2 

3 

n 

source 

component 

i 

an 

an 

au 

2 

a2\ 

a22 

a2n 

n 

an\ 

an2 

ann 

external 

ax\ 

aX2 

aXn 

The  values  of  a  and  x,  satisfy  the  n  equalities: 

n 

xi  =  Yjaijxj’Vi  =  h-,n  , 

M 
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which  means  that  each  component  i  produces  exactly  enough  of  its  output, 
x, ,  to  satisfy  the  input  demands  of  all  components  for  its  output.  The  above 
can  be  rearranged  as  follows: 


ZVv 

3= 1 


Since  we  are  assuming  a  very  simple  supply  chain  in  which  component 
1  supplies  component  2  (and  no  one  else),  and  so  on,  and  the  model 
accounts  for  exactly  one  input  type  (fuel),  the  input  coefficient  matrix  has  a 
special  structure: 


Vi  =  2,...,n-\  at_u  =\  +  ai ,  and  a..  =  0  ,  V/^i'  +  l,1 

where  the  value  at  is  the  amount  of  fuel  consumed  by  component  i  in 

delivering  one  unit  of  fuel.  It  is  assumed  that  the  fuel  any  component 
consumes  is  not  its  own  delivered  (output)  fuel,  but  rather  the  fuel  delivered 
by  the  component  that  supplies  it.2  The  input-coefficient  matrix  is  given  in 
Table  2. 


1  We  will  further  assume  that  the  units  of  output  from  component  n  are  defined  in  such  a  way 
that  an_ j  n  =  1 ,  although  this  is  for  simplicity  and  is  not  otherwise  required,  since  the  output 


from  component  n  is  of  a  different  type  than  components  i  <  n  . 

2  A  fuel-supplying  component’s  efficiency  is  therefore  . 
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Table  2.  Coefficient  Matrix  for  Linear  Supply  Chain. 


Destination 

Component 

i 

2 

n-l 

n 

Source 

component 

i 

0 

1  +  a2 

0 

0 

2 

0 

0 

0 

0 

n  —  2 

0 

0 

1  +  «„! 

0 

n-l 

0 

0 

0 

an-U 

n 

0 

0 

0 

0 

External 

5f 

+ 

H 

II 

0 

0 

0 

For  components  i  <  n,  each  component’s  output  (gallons  of  fuel) 
isx;.  =ai  MxM  =  (l  +  aM ) xi+1 ,  and  the  total  organizational  fuel  requirement  is 

n-l 

XX=Yl(l  +  (Xi)an-hnXn-  (2) 

1=1 

n-\ 

+ai)an-\,nxn >  9S  shown  in  the  example  below,  with  three 

i= 1 

supply  chain  links  (components  1-3)  and  one  warfighter  component  (4).  The 
warfighter  component’s  output  is  exogenous,  and  arbitrarily  it  is  set  to  100. 
The  total  fuel  required  by  the  organization  is  1.15  *  1.3  *  1.2  x  1000  =  1794. 
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Table  3.  Input  Coefficient  Matrix  for  Simple  Supply  Chain  Example 


input  coefficient  matrix 

destination 

component 

source 

1 

2 

3 

4 

0 

1.3 

0 

0 

/  * 

0 

0 

0 

0 

0 

0 

1.2 

0 

0 

0 

1 

0 

external 

115 

0 

0 

0 

output  by  component 
total  external  requirement 

1560 

1794 

1200  1000 

1000 

For  a  given  component,  we  will  define  its  fuel  multiplier  (denoted  )  as  the 


factor  by  which  the  organization’s  total  fuel  requirement  from  the  external  source 
would  increase  (decrease)  with  a  change  in  the  component’s  fuel  output  (either  as  a 
result  of  decreased  demand  from  the  next  stage  in  the  supply  chain,  or  as  a  result  of 
an  increased  efficiency)  or  decrease  in  demand  for  its  product.  The  EIO  approach 
assumes  that  changes  in  input  requirements  are  proportional  to  changes  in  output 


(constant  returns  to  scale).  Hence,  = 


.  We  can  rewrite  Equation  2 


i  /  i 

asxx  =]^[(l-ay.)x. ,  for  any  i  =  l,...,n-l implying  that  /?,.  =xy  =  ]^[(l-ay.). 

/  i  '  X‘  y-i 


More  Complex  Supply  Chain 

Within  the  DoD  it  is  more  realistic  for  a  supply  chain  to  include  complexities 
such  as  the  following: 

■  Multiple  warfighter  components 

■  Force  protection  components,  distinct  from  warfighting  components, 
and  produce  an  output  (protection)  that  warfighting  and  logistics 
components  may  use 
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■  Each  component  may  receive  fuel  directly  from  more  than  one  fuel- 
supply  component 

■  Nonlinearities,  e.g.  one  component  may  both  supply  and  be  supplied 
by  another  component 

In  this  case,  the  general  matrix  in  Table  1  is  applicable,  together  with  a  vector 
of  outputs,  x;  for  all  i .  The  consistency  constraints  in  Equation  1  still  apply.  An 
example  is  shown  in  Figure  1. 

As  before  atj  =  the  number  of  units  of  output  from  component  i  required  to 
produce  each  unit  of  output  from  component  j ,  and  the  units  are  the  units  of  i ’s 
output  over  then  units  of  j ’s  output.  This  means  that  a0.Xj  is  the  amount  of  output  of 
component  i  consumed  by  component  j ,  in  the  same  units  that  component  i’s 
output  is  measured.  The  output  of  force-protection  components  is  also  not  in  units  of 
fuel  but  rather  in  units  of  force  protection. 

Additional  constraints  are  required  to  ensure  that  each  component  receives 
the  required  amount  of  input  of  a  given  type.  In  particular,  if  component  j  supplies 
fuel,  then  the  total  input  it  receives  from  all  fuel-supplying  components  must 
equal  l  +  aj. 

C.  Bulk  Fuels  Distribution  Model 

In  his  thesis  research,  LT  John  Hills  built  a  spreadsheet-based  model  of  the 
DLAE  bulk  fuels  supply  chain,  and  used  it  to  calculate  the  201 1  delivery  cost  for 
each  of  473  DoD  components  within  the  DLAE  bulk  fuels  supply  chain  that  consume 
bulk  fuels  (i.e.,  JP-5,  JP-8,  and  F-76;  Hills,  2011).  Many  components,  including  the 
locations  in  the  Dubbs  USMC  Afghanistan  model  (Dubbs,  201 1 ),  receive  bulk  fuels 
after  further  delivery  by  the  Service,  beyond  the  end  of  the  DLAE  supply  chain,  or  by 
direct  purchase.  These  components  are  therefore  excluded  from  Hills’  analysis. 
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The  data  provided  by  Linda  Barnett  (personal  communication,  April  and  May, 
201 1 )  and  the  DLAE  bulk  fuels  division  included  the  201 1  bulk  distribution  plan  and 
the  bids  for  acquisition  and  transportation  of  bulk  fuels.  Hills,  together  with  research 
assistants  Paul  Roeder  and  Lee  Whitaker,  extracted  from  these  data  the  prices  for 
the  awarded  contracts  and  created  a  model  that  captures  the  cost  of  all  stages 
required  to  get  fuel  from  an  external  supplier  to  a  DoD  component  that  consumes 
fuel  (Hills,  2011). 

We  do  not  have  data  about  costs  to  contractors  for  providing  transportation 
services,  only  about  the  prices  they  bid.  The  prices  may  differ  from  their  true  costs 
for  many  reasons.  Their  bids  may  exceed  their  true  costs  because  they  require  a 
profit,  and  they  may,  in  some  cases,  be  lower  than  their  true  costs  for  a  given  origin 
and  destination  because  there  is  synergy  with  another  route  they  bid  on.  Given  the 
data  available  regarding  the  contracts  awarded,  we  estimate  that  delivery  costs  to 
DLAE  range  from  less  than  1 0/gal  to  over  70  0/gal,  as  shown  in  Figure  3. 
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DoD  Bulk  Fuel  Cost 


Figure  3.  Delivery  Cost  per  Gallon  by  Region  and  Fuel  Type 


Note.  Figure  is  from  Hills  (201 1 ),  p.  25.  Regions  are  Inland  East  and  Gulf  Coast  of  the  U.S. 
(IEGC),  West  Pacific  (WESTPAC),  Atlantic  Coast  of  the  U.S.,  Europe  and  Mediterranean  (AEM), 
and  Rocky  Mountain  and  West  Coast  of  the  U.S.  (RMWC). 


The  DLAE  charges  the  Services  a  single  standard  price,  regardless  of  where 
in  the  world  the  fuel  is  delivered.  The  Office  of  the  Secretary  of  Defense’s  seven- 
step  FBCF  method  calls  for  using  the  DLAE  (formerly,  the  DESC)  standard  price  as 
one  of  the  inputs  to  the  FBCF  estimate.  However,  as  Hills  (201 1 )  showed,  the 
DLAE’s  costs  differ  substantially  as  a  function  of  delivery  point.  This  indicates  that 
the  standard  price  is  sending  distorted  price  signals  to  the  Services.  An  inaccuracy 
of  similar  magnitude  is  created  by  DLAE’s  practice  of  setting  their  fixed  price  based 
on  an  18-month  average  of  fuel  purchase  prices.  However,  the  effect  of  time 
smoothing  gives  an  instantaneously  incorrect  signal  to  all  components  about  the 
cost  of  fuel;  the  error  will  sometimes  be  positive  and  sometimes  negative  and  will 
average  approximately  zero.  The  inaccuracy  created  by  averaging  geographical 
differences  will  systematically  understate  the  cost  for  operations  in  Korea,  for 
example,  possibly  distorting  incentives  for  fuel  consumption  throughout  the  DoD. 
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Hills  (201 1 )  concluded  that,  if  Service-specific  data  analogous  to  the  data 
provided  by  the  DLAE  were  available,  an  10-type  model  could  be  used  to 
consolidate  the  seven-step  FBCF  process  to  a  single  step. 

D.  Marines’  Afghanistan  Supply  Chain  Model 

In  his  thesis  research,  LCDR  Sean  Dubbs  built  a  model  of  a  portion  of  the 
USMC  supply  chain,  which  includes  Camp  Leatherneck  and  all  main  operating 
bases  (MOBs),  forward  operating  bases  (FOBs),  and  combat  outposts  (COPs) 
supplied  through  Camp  Leatherneck,  as  shown  in  Figure  4. 


Figure  4.  Map  of  the  USMC  Supply  Chain  From  Camp  Leatherneck 

(Dubbs,  2011,  p.  20). 

Perhaps  the  biggest  challenge  in  this  thesis  work  was  finding  data  appropriate 
to  estimating  the  10  coefficient  matrix.  Dubbs  built  his  model  based  on  interviews 
with  a  USMC  logistics  officer  recently  returned  from  the  theater.  He  modeled  the 
convoys  used  to  transport  fuel  within  the  modeled  region  and  estimated  the  fuel 
requirements  for  operating  each  delivery  and  force  protection  asset  as  a  step  to 
estimating  the  coefficients  and  weekly  fuel  demand  from  each  component.  The 
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coefficients  and  fuel  demand  became  the  10  model.  This  model  produced  estimates 
of  the  fuel  multiplier  for  each  component,  as  shown  in  Figure  5  for  the  baseline 
scenario  (representing  historical  operations). 


Awr-Bce  Fuel  Multiplier  fay  -  Historical 

*  p*. 

d-jj 

I_5 

2.U 

i 

ju 

IiMMIn.Imi 

■cop 

1_U 

1  FOB 

lL5 

r.  in 

■MOB. 

L 

if  i  r  i  i  i  i  i  i  i  i  i  i  i  i  i  i  i 

Qjfnpcfwnt 

Figure  5.  Results  from  Dubbs's  Model 

Note.  This  figure  from  Dubbs  (201 1 ,  p.  34)  shows  the  fuel  multiplier  for  each  component  in 
the  supply  chain,  which  is  the  amount  of  fuel  that  must  be  delivered  to  Camp  Leatherneck  per 
gallon  consumed  at  the  component. 

Dubbs  (201 1 )  also  demonstrated  how  an  10  model  can  be  used  to  explore  the 
impact  of  changes  in  the  supply  chain  and  the  sensitivity  of  its  results  to  the 
assumptions  underlying  the  transportation  model  used  to  calculate  the  coefficients. 
Dubbs  explored  six  excursions  from  the  baseline  scenario,  as  detailed  in  Table  4. 
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Table  4.  Impact  of  Excursions  From  Baseline  Scenario 

(Dubbs,  2011,  p.  46) 


Change  in  Fuel  Requirements  from  Historical  Scenario 

Scenario 

Overall 

Transport 

Force  Protection 

(1)  Payload  Increase 

-4.74% 

-27.03% 

-6.98% 

(2)  Efficiency  Increase 

-5.99% 

-36.78% 

0.00% 

(3)  Transit  Limit 

6.84% 

64.41% 

-75.06% 

(4)  Reduced  Consumption 

^16.32% 

-37.53% 

-16.21% 

(5)  Reduced  FP 

-2.16% 

-0.97% 

-41.15% 

(6)  MATY  Only 

-0.82% 

-0.97% 

-13.72% 

Dubbs  (2011)  demonstrated  the  applicability  of  the  10  approach  to  modeling 
an  in-theater  organic  supply  chain  and  exploring  realistic  changes  in  the  supply 
chain.  In  addition,  he  found  that,  within  his  model,  the  fuel  demand  incurred  for 
convoy  force  protection  was  less  than  5%  of  the  total  supply  chain  requirement.  The 
common  belief  is  that  force  protection  requirements  dominate  other  costs 
(Rosenthal,  2010). 
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Conclusions 


This  work  has  demonstrated  the  applicability  of  the  10  approach  to  estimating 
the  FBCF  in  the  DoD. 

At  the  outset  of  this  research,  we  anticipated  that  finding  appropriate  data  to 
populate  an  10  model  would  be  very  difficult.  With  the  invaluable  cooperation  of 
Linda  Barnett  and  the  DLAE  bulk  fuels  division,  we  were  able  to  build  a  functional 
model  of  the  DLAE  supply  chain  and  populate  the  model  for  201 1  using  DLAE  data 
to  estimate  the  delivery  costs  for  bulk  fuels. 

We  were  able  to  build  a  realistic  model  of  the  in-theater  USMC  fuel  supply 
chain  in  Afghanistan.  Although  force  protection  is  believed  to  be  a  very  important 
contributor  to  the  FBCF,  the  results  of  Dubbs’  model  indicate  that  it  is  less  important 
than  expected  and  that  reducing  the  force  protection  requirements  would  have  a 
relatively  minor  effect  on  the  total  fuel  required  for  the  supply  chain  (Dubbs,  2011). 

Dubbs  (201 1 )  identified  an  important  potential  role  for  an  10  model  in  supply 
planning.  He  noted  that  supply  officers  may  not  be  able  to  anticipate  the  system- 
wide  effect  of  a  change  in  demand  at  a  warfighting  component.  Therefore,  they  may 
underestimate  the  fuel  required  to  meet  a  surge  in  warfighter  demand,  potentially 
leading  to  short-term  shortages  in  theater.  An  operational  10  model  could  help. 

The  two  models  each  capture  a  piece  of  the  DoD  supply  chain.  In  particular, 
Hills  has  created  and  populated  a  complete  model  of  the  DLAE  bulk  fuels  supply 
chain,  but  it  captures  only  the  dollar  costs  and  does  not  capture  the  multiplier  effect 
associated  with  the  fact  that  fuel  is  consumed  in  transporting  and  handling  fuel  within 
the  supply  chain  (Hills,  201 1 ).  Because  the  DLAE  contracts  out  most  of  the 
transportation  functions  within  the  bulk  fuels  supply  chain,  fuel  consumption  is  built 
into  contractors’  prices,  but  is  not  visible  to  them,  nor  available  to  our  model. 
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On  the  other  hand,  Dubbs’  model  captures  only  fuel  requirements,  and  does 
not  capture  other  costs;  for  example,  those  costs  associated  with  personnel  for 
transportation  and  force  protection,  and  non-fuel  support  of  transport  and  force 
protection  vehicles  and  aircraft. 

Both  the  Dubbs  and  Hills  models  describe  acyclic  networks,  so  that  for  each 
consuming  organization,  the  path  traveled  by  its  fuel  is  linear  (with  the  exception  that 
there  are  two  same-directional  arcs  of  different  costs  in  at  least  one  case  in  the 
Dubbs  model,  representing  both  ground  and  air  transportation  connecting  two 
nodes).  However,  as  described  previously,  the  10  approach  can  be  used  to  capture 
more  complex  supply  chains. 

Based  on  the  success  of  this  initial  effort,  we  have  identified  several  avenues 
for  follow-on  research.  One  is  seeking  appropriate  Service-level  databases  that 
could  be  used  to  build  Service-specific  models  that  could  be  linked  together  and 
linked  with  the  DLAE  model  to  capture  the  delivery  costs  (in  fuel  and  dollars) 
associated  with  the  entire  DoD  supply  chain.  A  more  complete  model  would  break 
out  the  major  cost  categories  and  could  incorporate  the  multiplier  effects  associated 
with  other  types  of  supplies,  such  as  drinking  water  (required  by  personnel  involved 
in  the  supply  chain)  and  batteries. 

Our  models  are  based  on  data,  and,  in  that  sense,  are  based  on  the  past.  It  is 
possible  to  estimate  the  impact  of  changes  by  using  predictions  of  the  parameters  of 
the  model,  as  in  Dubbs’  excursions  from  the  baseline  scenario.  It  would  be  similarly 
possible  to  construct  new  networks  to  evaluate  the  multipliers  and  FBCF  associated 
with  them.  Therefore,  another  promising  avenue  for  future  research  is  to  model 
supply  chains  more  generally,  and  estimate  coefficients  associated  with  different 
transportation  and  force  protection  options  to  allow  for  more  general  conclusions 
about  the  FBCF  or  fully  burdened  cost  of  other  supplied  items,  as  a  function  of  the 
network.  Scenarios  could  be  developed  to  estimate  the  future  FBCF  in  future  supply 
chain  configurations. 
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